Adjuvant whole-brain radiation therapy (WBRT) after resection of single brain metastases remains controversial. Despite a phase III trial to the contrary, clinicians often withhold WBRT after resection of single brain metastases based on the argument that available evidence does not inform regarding treatment of all patients, such as those with radioresistant tumors. However, there is limited information about whether subpopulations benefit equally from WBRT after resection. Therefore, we undertook a retrospective study to determine the clinical, radiographic, and histologic features that influenced the effectiveness of adjuvant WBRT. We reviewed 358 patients with newly diagnosed, single brain metastases, who underwent resection, of which 142 (40%) received adjuvant WBRT and 216 (60%) did not. Median follow-up was 60.1 months. There were multiple tumor histologies, including 197 (55%) "radiosensitive" and 161 (45%) "radioresistant" tumors. Compared with observation, WBRT significantly reduced recurrence both locally (HR 5 0.58; 95% CI 0.35-0.98, P 5 .04) and at distant brain sites (HR 5 0.43, 95% CI 0.30-0.61, P < .001). Multivariate analyses demonstrated that withholding WBRT was an independent predictor of local and distant recurrence. For local recurrence, tumors with a maximum diameter of 3 cm that did not receive adjuvant WBRT had an increased risk of recurring locally (HR 5 3.14, 95% CI 1.02-9.69, P 5 .05). For distant recurrence, patients whose primary disease was progressing and who did not receive WBRT had an increased risk of distant recurrence (HR 5 2.16, 95% CI 1.01-4.66, P 5 .05). There was no effect of WBRT based on tumor type. Adjuvant WBRT significantly reduces local and distant recurrences in subsets of patients, particularly those with metastases >3 cm or with active systemic disease.
T he routine use of adjuvant whole-brain radiation therapy (WBRT) after resection of single brain metastases remains an area of intense investigation in neuro-oncology. In a landmark phase III trial of patients with single brain metastases, Patchell et al. demonstrated that surgical resection followed by WBRT resulted in a statistically significant reduction in recurrence at the surgical site (local recurrence) and at other sites in the brain (distant recurrence) compared with surgery alone. 1 Despite this class I evidence favoring adjuvant WBRT, many oncologists still withhold WBRT after resection of single brain metastases based at least in part on the premise that the results of Patchell et al. are not necessarily applicable to all patients because the full clinical spectrum of patients was not represented in the trial. For example, most patients enrolled in the trial of Patchell et al. had lung and breast cancers, which are often considered to be relatively sensitive to radiotherapy, whereas melanomas, which are more resistant to radiotherapy, were under represented.
1,2 Thus, many oncologists argue that given the risk of radiation-induced dementia 3,4 a more selective application of WBRT is preferable to routine administration of WBRT. However, there is limited information guiding clinicians on the extent to which particular populations of patients, such as those with relatively radioresistant tumors, may or may not benefit from WBRT after resection of single metastases.
To begin to define subsets of patients who are more likely than other patients to benefit from adjuvant WBRT after surgical resection of single brain metastases, we analyzed the outcomes of 358 patients with single brain metastases originating from a wide range of primary sites, all of whom were treated with microsurgical resection without or with standard dose adjuvant WBRT (30 Gy). The primary goal of this study was to evaluate the influence of various clinical, radiographic, and histologic features on the effectiveness of adjuvant WBRT in delaying tumor progression and prolonging survival in patients with a single brain metastasis.
Methods

Patient Selection
The database of the Department of Neurosurgery, The University of Texas M. D. Anderson Cancer Center was searched for patients who underwent surgical resection of newly diagnosed, single brain metastases from June 1993 to April 2003. Patients were excluded if they were 16 years old, had a KPS score ,70, had .1 brain metastasis or leptomeningeal disease, or had undergone prior cranial irradiation. The institutional review board approved the study.
Data Review
The following data were reviewed: age, sex, KPS score, RTOG-RPA class, 5 interval between diagnosis of the primary and brain metastasis, primary tumor type, systemic disease activity (no evidence of cancer outside the brain, stable, or progressing), tumor functional grade, 6 pre-and postoperative tumor volume, 7 administration of adjuvant WBRT, location and treatment of brain tumor recurrences, vital status, and duration of follow-up. At the M. D. Anderson Cancer Center Brain Tumor Center, patients are tracked prospectively with neuro-imaging every 4 -12 weeks. At each visit, providers record treatments, changes in clinical status, and tumor recurrences. Most data were obtained in real time and entered into the database prospectively. When prospective data were unavailable, primary sources were reviewed retrospectively.
Radiosensitivity Grouping
Lung, breast, testicular, gastrointestinal, gynecologic, head and neck, lymphoma, and prostate cancers were classified as radiosensitive. Melanomas, sarcomas, kidney, thyroid, and genitourinary cancers were classified as radioresistant. Exceptions were pancreatic adenocarcinoma (gastrointestinal); uterine malignant mullerian or trophoblastic carcinoma primaries (gynecologic), which were classified as radioresistant; and rhabdomyosarcoma, Ewing's sarcoma, and a choriocarcinoma of unknown origin, which were classified as radiosensitive.
Adjuvant WBRT
Whole-brain radiation therapy was defined as adjuvant when it was (i) given postoperatively before the development of local or distant brain tumor progression and (ii) designated in the record as being specifically planned as adjuvant. Whole-brain radiation therapy was administered as 30 Gy in 10 -15 fractions.
Outcome Measures
The endpoints were tumor recurrence and survival. Recurrence was classified as local (regrowth at the site of surgery) or distant (new brain tumors away from the surgery site).
Statistical Analysis
Differences in the distribution of discrete characteristics between the WBRT and observation groups were tested using x 2 or Fisher exact tests. Continuous and ordinal variables were tested using Student's t-test. For tumor recurrence endpoint analyses, follow-up was censored at the time of WBRT given for the treatment of a recurrence site (eg, follow-up for local recurrence was censored at the time of WBRT that was administered for the treatment of a distant recurrence). Overall survival and recurrence-free survival (RFS) times were assessed by the Kaplan-Meier method. Because adjuvant WBRT was administered at varying times after surgery, the adequacy of using Kaplan-Meir plots in the presence of a time-dependent entity was evaluated using the method of Therneau and Grambsch. 8 Accordingly, any patient crossing from the observation group to WBRT status had 2 observations, one for the postoperative time elapsed without WBRT and another for the time following administration of WBRT. In this study, time from surgery to WBRT was short compared with the time from surgery to tumor recurrence/death. Therefore, treating WBRT as a baseline variable in the Kaplan -Meier plots and extrapolating the medians from these plots was a reasonable approach. The proportions of local and distant recurrences and their 95% confidence intervals (CIs), adjusted for competing events, were obtained using the cumulative incidence method of Prentice et al. 9 Patients who did not show recurrence were censored at the time of last brain imaging. The Cox proportional hazards method was used to estimate the rates of survival and rates of local or distant recurrences for the different groups and to compute rates adjusted for other covariates. Interactions between adjuvant WBRT and the various covariates, including tumor type and radiosensitivity, were assessed. In these analyses, adjuvant WBRT was analyzed as a time-dependent covariate. A two-sided P value of 0.05 was considered significant. SPSS 15.0, Stata 7.0, and NCSS 2007 were used for these analyses.
Results
Patient Population
We identified 358 eligible patients ( Abbreviation: WBRT, whole-brain radiation therapy; RPA, recursive partitioning analysis. a Median time from surgery to adjuvant WBRT in the adjuvant WBRT treatment group was 0.6 months (0.1-4.1 months). b One case each with lung, ovarian, and prostate cancer were grouped with sarcoma for a total of 12 cases of sarcoma. Other primary cases included gynecologic nonsarcoma cases (12); testicular cancer (9); lymphoma (2); carcinoma of prostate (3); ureter (1); thyroid (2); larynx (2); tonsils (2); soft palate (1); tongue (1); unknown primary (1). c See Table 2 for a grouping of sensitivities to radiotherapy. *P values in bold denote statistical significance.
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was administered 1-2 months after resection; in 4 cases, it was given 2.5-4.1 months after surgery. There were no significant differences between the WBRT group and the observation group with respect to age, RTOG-RPA class, interval between diagnosis of the primary tumor and brain metastasis, brain tumor location, or tumor functional grade (Table 1) . However, there were significant differences between the groups in terms of sex, the status of the systemic disease, the type of primary cancer, the relative tumor radiosensitivity, and preoperative tumor size (Table 1) . Interestingly, 57% of patients who had NED received adjuvant WBRT; yet, only 30% of patients with evidence of systemic disease received it. Additionally, patients with tumors with a maximal diameter of .3 cm were more likely to receive WBRT (51%) than were patients with tumors of 3 cm (36%). Whether patients received WBRT also depended on the type of primary cancer. For lung cancer and breast cancer, which are considered radiosensitive, most patients (64%) received adjuvant WBRT (Tables 1 and 2 ). In contrast, for melanoma and renal cell carcinoma, which are considered radioresistant, only 16% received WBRT. Likewise, only 25 (16%) of the 161 tumors classified as radioresistant, and only 1 (1%) patient with renal cell carcinoma received adjuvant WBRT. In contrast, 117 (59%) of the 197 patients classified as having radiosensitive tumors received WBRT (Table 2) .
Survival
At the time of last follow-up, 289 (81%) of the 358 study patients had died. The median duration of follow-up for the 69 living patients was 53.3 months (range, 0.6 -156.1 months); thus more than half of the surviving patients were monitored for nearly 5 years. The median survival time for the group was 12.5 months (95% CI, 10.9 -14.0 months).
When the survival of all 358 patients was analyzed, there was a statistically significant increase in survival in the WBRT group compared with the observation group in the Cox univariate analysis (HR ¼ 0.77; 95% CI, 0.61 -0.98; P ¼ .03). In the Kaplan -Meier analysis, the median survival was 14.7 months for the WBRT group (95% CI, 12.0 -17.5 months) and 11.7 months for the observation group (95% CI, 9.8 -13.6 months; P ¼ .02) (Fig. 1A) . This protective effect of adjuvant WBRT was observed within the well-represented tumor types (lung, breast, melanoma, and gastrointestinal) when each was analyzed separately, and within the radiosensitive and radioresistant tumor groups, when they were also analyzed separately, although in these analyses the effect of WBRT failed to reach statistical significance.
Adjuvant WBRT was not a significant independent predictor of survival in the multivariate Cox proportional hazards model, which included the variables given in Table 1 (HR ¼ 0.89; 95% CI, 0.68 -1.18; P ¼ .42). Instead, significant predictors of shorter survival were age 55 years, evidence of systemic disease (progressing or stable on therapy), radioresistant histology (primarily melanoma), infratentorial location, interval of ,6 months from primary diagnosis to brain tumor diagnosis, and preoperative tumor size .3 cm in maximal diameter (Table 3) .
Because patients with renal cell carcinomas were unevenly distributed between the WBRT and observation groups, a similar multivariate analysis was undertaken excluding these patients. In this analysis of 287 patients, adjuvant WBRT was still not an independent predictor of survival (data not shown).
Tumor Recurrence
Local Recurrence. Among the 358 patients, there were 67 (19%) local recurrences. The proportion of local recurrences adjusting for competing events 9 was 24% (95% CI, 20% -30%). Based on a Kaplan -Meier analysis, the median local RFS of the whole group was 11.1 months (95% CI, 8.3 -13.9 months).
We first compared the crude incidence of local recurrence of the observation group with that of the WBRT group. Local recurrence occurred in 21 (15%) of the 142 patients in the WBRT group and in 46 (21%) of the 216 patients in the observation group. When we adjusted for competing events using the cumulative incidence method, 9 the proportions of local recurrences were 20% (95% CI, 13% -29%) and 27% (95% CI, 21%-36%) in the WBRT and observation groups, respectively. Based on univariate Kaplan -Meier analyses, the median local-RFS was 14.8 months in the WBRT group (95% CI, 10.4 -19.1 months) compared with 9.2 months in the observation group (95% CI, 6.7 -11.7 months; P ¼ .006; Fig. 1B ). The hazard ratio for local recurrence in the Cox proportional hazards univariate analysis was 0.58 (95% CI, 0.35-0.98; P ¼ .04), indicating a significant effect of adjuvant WBRT. Multivariate Cox analyses were performed to identify independent predictors of local recurrence in the 358 patients using the variables given in Table 1 . Age and WBRT were the only significant predictors of an increased risk of local recurrence (Table 4) . Patients aged 55 years had a .2-fold increased risk for local recurrence compared with patients aged ,55. More importantly, withholding WBRT was a statistically significant independent predictor of local recurrence. However, the effect was seen only in patients with large tumors. Specifically, patients with tumors with a diameter of .3 cm maximal who did not receive adjuvant WBRT had a 3-fold increased risk of local recurrence compared with all other patients (Table 4 ). In contrast, there was no interaction between WBRT and tumor type or tumor radiosensitivity. Thus, the reduction in local recurrence by adjuvant WBRT was not statistically significantly different among patients with different primaries, or when radioresistant tumors as a group were compared with the radiosensitive ones.
Distant Recurrence. Among the 358 patients, there were 156 (44%) distant recurrences. The proportion of distant recurrences adjusting for competing events was 58% (95% CI, 52% 2 65%). Kaplan -Meier analysis showed that the median distant-RFS for the whole group was 8.7 months (95% CI, 7.3 -10.0 months).
When distant recurrence was compared in the WBRT and observation groups using crude incidence measures, 42 (30%) of the 142 patients in the adjuvant WBRT group and 114 (53%) of the 216 patients in the observation group recurred at distant brain sites. The proportions of distant recurrences adjusting for competing events were 39% (95% CI, 31% -51%) and 72% (95% CI, 64% -80%) in the WBRT and observation groups, respectively. The Kaplan -Meier analysis of distant-RFS showed that the median distant-RFS was 10.1 months for the adjuvant WBRT group (95% CI, 5.5 -14.7 months) and 7.0 months for the observation group (95% CI, 5.3 -8.7 months, P , .001; Fig. 1C ). The hazard ratio for distant recurrence in the Cox univariate analysis was 0.43 (95% CI, 0.30-0.61; P , .001), indicating a significant WBRT effect.
In multivariate Cox analyses, tumor type and WBRT were independent predictors of distant recurrence (Table 4) . Patients with tumors categorized as radioresistant (mainly melanoma) had a 1.6-fold increased risk of distant recurrence compared with those having radiosensitive tumors (mainly lung, breast, and gastrointestinal metastases). More importantly, withholding WBRT was associated with an increased risk of distant recurrence. However, this effect of WBRT was only seen in patients with evidence of systemic disease. Specifically, patients with evidence of systemic disease who did not receive WBRT had a .2-fold increased risk of distant recurrence (HR ¼ 2.2; 95% CI, 1.01 -4.7; P ¼ .05) compared with all other patients (Table 4) . Importantly, there was no apparent differential effect of WBRT on suppression of distant recurrence for tumors of different types or radiosensitivities. For both local and distant recurrence, similar results were obtained when patients with renal cell carcinoma were excluded from the multivariate Cox analyses.
Recurrence of Specific Tumor Types. To further decipher the role of adjuvant WBRT, we assessed the local and distant recurrences for lung cancer and melanoma separately. We chose these tumors because lung cancer is considered radiosensitive, whereas melanoma is considered radioresistant, and relatively large numbers of study patients had them. For both tumor types, administration of WBRT reduced the risk of local recurrence. For lung cancer, WBRT resulted in a 20% reduction in the risk of local recurrence and for melanoma, WBRT resulted in a 68% reduction, although these effects were not statistically significant. The univariate HR for adjuvant WBRT for patients with lung cancer was 0.63 (95% CI, 0.27 -1.43; P ¼ .27) and for patients with melanoma, it was 0.27 (95% CI, 0.03 -2.24; P ¼ .23; Table 5 ). Further analyses supported the prior conclusion that the effects of WBRT on local recurrence in both cancer types were most significant with large tumors. Similarly, for both tumor types, WBRT significantly reduced the risk of distant recurrence. The univariate HR for adjuvant WBRT for patients with lung cancer was 0.40 (95% CI, 0.20 -0.80; P ¼ .009) and, for patients with melanoma, it was 0.42 (95% CI, 0.21 -0.83; P ¼ .01; Table 5 ). Further analyses also supported the prior conclusion that the effects of WBRT in both groups were significant in cases with evidence of systemic disease. Thus, regardless of whether the tumor was radiosensitive (lung) or radioresistant (melanoma), the effects of adjuvant WBRT were similar.
Discussion
In this analysis, we show that withholding WBRT after resection of single brain metastases significantly increased local recurrence in patients with large tumors (.3 cm in maximal diameter) and increased distant recurrence in patients with evidence of active systemic disease. Our results also indicate that the histology and presumed radiosensitivity of the metastases were not associated with WBRT effects. These results suggest that there are some groups of patients for whom adjuvant WBRT after resection of single brain metastases may be more beneficial than others.
There has been an increasing desire to develop a personalized approach to the management of patients with brain metastases, particularly regarding the administration of WBRT, the side effects of which are not inconsequential. Clearly, the randomized trial of Patchell et al. 1 provided important evidence supporting the use of adjuvant WBRT after resection of single brain metastases as the recurrence rate of patients receiving WBRT in this trial was significantly reduced compared with those in whom WBRT was withheld. However, because this randomized study overwhelmingly enrolled patients with lung and breast cancer and was not designed to determine whether clinical or radiographic features, such as tumor size, influenced the conclusions, debate has continued regarding whether adjuvant WBRT is needed in all patients after resection of single brain metastases. In addition, Chang et al. 4 recently showed that a more selective application of WBRT after stereotactic radiosurgery (SRS) may improve outcomes. In this context, our analysis of 358 patients with a wide range of clinical, radiographic, and histologic features provides evidence, albeit retrospective, that there are populations of patients who may benefit from WBRT compared with other populations. Specifically, as in the phase III trial of Patchell et al., 1 we show that withholding WBRT was a statistically significant independent predictor of local and distant recurrence. However, because of the large sample size and diversity of the study cohort, we were also able to show that there was a statistical interaction between WBRT and specific clinical variables. For local recurrence, there was an interaction between WBRT and tumor size, such that tumors with a maximal diameter of .3 cm that did not receive adjuvant WBRT had an increased risk of recurring locally compared with tumors with a diameter of ,3 cm. For distant recurrence, there was an interaction between WBRT and the status of the systemic disease, such that patients with active systemic disease who did not receive WBRT had an increased risk of distant recurrence compared with patients without evidence of systemic disease. Therefore, our results extend the findings of Patchell et al. 1 because they indicate that the beneficial effects of WBRT may depend on certain clinical variables that have heretofore not been considered important, namely the size of the resected tumor and the status of the systemic disease. Clearly, phase III trials will be needed to verify the impact of these variables on the effects of WBRT.
An interesting result of our study is that adjuvant WBRT significantly reduced recurrences regardless of the histology of the tumor or its presumed radiosensitivity. This finding is important because many clinicians base their decision to withhold or administer WBRT on the histologic type and the presumed responsiveness of that tumor to radiation. The validity of this pattern of practice has not been adequately studied heretofore and largely stems from anecdotal observations. 10 -15 Although the retrospective series of Smalley et al., 13 DeAngelis et al., 14 and Maiuri et al. 15 included patients with brain metastases from 6 to 8 categories of primary tumors, these studies did not compare patients receiving or not receiving WBRT according to tumor type. In the randomized study of Patchell et al., 1 each arm of the study contained only 1 melanoma patient and an unspecified (but small) number of patients with renal cell cancer, and so the influence of tumor type on outcome could not be ascertained. In this context, we show, for the first time, that the effects of adjuvant WBRT do not seem to be influenced by tumor type or tumor radiosensitivity. Although patients with radioresistant tumors fared worse than patients with more sensitive tumors, adjuvant WBRT improved the outcomes in both of these groups. Separate analyses of lung cancer (a common radiosensitive tumor) and melanoma (a common radioresistant tumor) supported this result. Therefore, our data suggest that it may not be justified to withhold WBRT based on the presumed radioresistance of the primary tumor and that other factors, such as tumor size and status of the systemic disease, may be more important. Prospective clinical trials focusing on individual tumor types will be required to resolve this issue.
The finding that withholding WBRT in patients with tumors of 3 cm in maximal diameter increased the risk of local recurrence is a logical result in terms of tumor growth patterns and surgical methods. Larger tumors are probably more likely to have areas of invasion that are missed at surgery. In addition, larger tumors are more likely to be removed piecemeal rather than en bloc and thus to have their borders violated, thereby increasing the risk of spillage of tumor cells. Indeed, previous work from our group has shown that en bloc resections result in reduced rates of leptomeningeal disease compared with piecemeal resections, presumably due to the lack of violation of the tumor wall. 16 It is also logical that withholding WBRT in patients who have evidence of active systemic disease significantly increases the risk of distant recurrence compared with patients who have no evidence of systemic disease. Indeed, patients with active systemic disease are probably more likely to have high numbers of circulating tumor cells that can metastasize to the brain, forming microscopic deposits that require WBRT for control of growth. The numbers of circulating tumor cells in patients who have NED is probably negligible, thereby reducing the chance for developing new brain metastases and lessening the impact of WBRT.
Although adjuvant WBRT was associated with lower rates of recurrence, the effect on survival was less evident in our study despite the large numbers of patients. Adjuvant WBRT resulted in a statistically significant improvement in overall survival in the univariate analysis; however, this effect was lost in the multivariate analysis. A positive effect of adjuvant WBRT on survival has notoriously been difficult to demonstrate. 1, 17, 18 In the randomized study of Patchell et al., WBRT did not significantly alter survival. 1 Likewise, in a phase III study of SRS with or without WBRT, Aoyoma et al. 17 were also unable to demonstrate a significant survival advantage of adjuvant WBRT. However, these trials were not sufficiently powered for a survival endpoint. In a recent commentary, Patchell et al. 18 pointed out that to show a survival benefit from withholding WBRT after surgery would require approximately 2250 patients. This need for such large cohorts results from the clinical complexity of patients with systemic cancer and brain metastases. In addition, many patients cross over from the observation arm to the WBRT arm after recurrence, negating the differences between the 2 groups in survival analyses. Nevertheless, this lack of effect on survival does not mitigate the effectiveness of WBRT on reducing recurrence.
The results of this study shed light on possible strategies for administering WBRT after resection of a single brain metastasis, or at least provide parameters for stratification in future prospective clinical trials. Specifically, our results suggest that patients with evidence of active systemic disease should probably receive WBRT, regardless of tumor size, because of the need to reduce distant recurrence in the brain, which is common in this group of patients. For patients with active systemic disease and tumors with a maximal diameter of .3 cm, adjuvant WBRT will also provide the added benefit of reducing the chance of developing local recurrence. For patients who have no evidence of systemic disease, clinicians might consider withholding WBRT if the maximal diameter of the resected tumor is ,3 cm because the risk of local and distant recurrence in this group is low. For patients who have NED and have a tumor with a maximal diameter of .3 cm, our data would support administering adjuvant WBRT. Alternatively, because these patients (NED with a resected tumor with a diameter of .3 cm) are mainly at risk for local recurrence, stereotactic irradiation of the resection cavity, which is increasingly being reported as an effective strategy for controlling local recurrence, 19, 20 may provide the same reduction in local recurrence as WBRT while avoiding the adverse effects of WBRT on the normal brain.
Of course, any recommendations for treatment must be viewed with caution because the study presented here is a retrospective investigation and, therefore, suffers from all the limitations of this type of analysis. Although the data were prospectively collected and validated in real-time, and are therefore highly reliable, patients were not randomized to receive WBRT, nor were they stratified for specific variables. Partiality in the application of WBRT could have skewed the results. Although the statistical analyses were designed to address the differences between the WBRT and the observation groups, these could not control for all the known biases, and unrecognized biases could also exist. Furthermore, although the cohort of patients represents the largest number of single metastases analyzed to date for the effects of adjuvant WBRT, and although there was a good distribution of patients who received WBRT (40%) compared with those who did not (60%), the number of patients in the radioresistant group who received WBRT was low (16%). This bias against administering WBRT in this group of patients could have also influenced the results. In addition, the classification of different histologic tumor types into radiosensitive and radioresistant groups was based on the impression of the radiation oncologists who participated in this study, and one could argue that these classifications were not precise, particularly for the less common tumors. Nevertheless, the separate analysis of melanoma (which is usually agreed to be relatively resistant to radiation) and lung cancer (which is usually considered to be radiosensitive) supports the conclusions of the larger cohort, despite the smaller numbers of patients. Finally, the impact of WBRT on neurocognitive function was not assessed in this study. Considering recent clinical trials of SRS and WBRT, which showed that WBRT decreased recurrence, but deleteriously affected neuro-cognition, 4 there is a pressing need to evaluate objectively the cognitive effects of WBRT after surgery. By selectively applying WBRT as suggested by the results of the present study, only those patients who will maximally benefit from WBRT will be exposed to its risk. Clearly, well-designed phase III trials will be needed to validate the results presented herein.
